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ABSTRACT

Results on strange particles produced by high energy
protons on nuclear targets are reviewed. Topics included are
inclusive cross-sections, A-dependence, particle ratios and
production polarization of hyperons.

INTRODUCTION

Inclusive production of strange particles in high energy proton-nucleus
collisions is an excellent tool for probing the underlying dynamics of the reactions,
and the structure of matter. Being created from the sea, the strange quark can be used
to trace the quantum number flow in the collision. By studying how the proton
interacts with nuclear matter, we may learn about the space-time development of high
energy scatterings at very small distances and short times. Recently, enhanced
production of strange particles in relativistic heavy ion collisions is considered as a
signature of the formation of quark-gluon plasma.l2 Consequently, this triggers new
interest in strangeness production in high energy proton-nucleus scatterings.

Experiments studying charged kaon production usually employ a single arm
spectrometer with Cerenkov counters for particle identification. The spectrometer is
adjusted to detect kaons in certain angular and momentum ranges for a given run. In
the case of neutral hyperon experiments, different part of the kinematic region can be
investigated by changing the incident angle of the primary protons on target. For
charged hyperon experiments, the same goal can be accomplished by tuning the
magnetic field in which the hyperon channel is resided, and/or by altering the
production angle. In a typical hyperon experiment, hyperons are detected by



observing their decay products. Sometime charged hyperons in the secondary beam
can be tagged by a DISC counter. For instance, this was done in the CERN hyperon
experiments.3-3

In this talk, some properties of single strange particle production in inclusive
proton-nucleus reactions are reviewed. Only measurements taken with a proton
energy greater than 12 GeV are included. The topics presented are the invariant
production cross sections E(d*c/dp®), A-dependence, particle ratios and hyperon
production polarization. For those who are interested in multiplicity distributions and
two particle correlations, the review article by S. Fredriksson et al.® should be

consulted.

PRODUCTION CROSS SECTIONS

Differential production cross sections of charged kaons have been extensively
measured with different nuclear target materials at various proton energies, up to 400
GeV. Most of the measurements are concentrated in the central region’-19, and in the
beam fragmentation region,11-17

With data taken from reference 7, the invariant cross sections of K* are plotted
as a function of p at 900 in the center of mass system in Figures 1a and 1b. The
yields tend to increase as the energy of the incident proton is changed from 200 GeV
to 400 GeV. At sufficiently high py, the observed hadron comes from the
fragmentation of the interacting partons in the elementary large momentum transfer
process. As a result, 'smeared' QCD calculations predict the differential cross section
to scale with a form

d’c m b
dp—3=PT(1—XT) (1)
where x = 2py/ vs,m=-8and b=9. As can be seen in Figures 2a and 2b, when
xr > 0.3, the measurements for K* (K”) do scale withm = - 8.5 and b = 7.9 (11.).

The Feynman x dependence of the invariant cross sections of K* determined
at small py with a 6 cm long aluminium target is shown in Figure 3.1° Comparing
with data taken with a thicker target, there is a change in the spectra. In particular, the
cross sections can differ by as much as a factor of two at x = 0.1. This could be due
to intra-nuclear cascade process in the thick target. It is interesting to note that
Feynman scaling is observed at proton energy higher than 67 GeV.



Figures 4, 5, 6, 7 and 8 are the production cross sections of K, neutral
hyperons and their anti-particles measured with protons on beryllium at 200, 300 and
400 GeV 181920 Again, scaling holds for all particles at these energies. There is no
data on the production of neutral hyperons with xgless than 0.2. Since the
measurements were performed at fixed production angles, pr and xg, are correlated.
For a given value of xg the drop in cross section as the production angle increases is
simply due to the rapid change of cross section at increasing pr, as can be seen in
Figures 9, 10 and 11.2! When py > 2 GeV/c, the cross sections also exhibit hard
scattering behaviour similar to K*.

Despite the fact that high energy hyperon beams are now available, data on
charged hyperon and anti-hyperon production are still scarce. The only measurement
of the invariant cross sections for the charged hyperons at proton energy greater than
200 GeV comes from the CERN Hyperon Group.? Their results are shown in Figure
12. In this case, measurements done at BNL or CERN PS energies>*2? can not be
scaled to 200 GeV.

In contrast to high pr phenomena, for small p; processes in the beam
fragmentation region, particles with sufficiently large xy are formed by recombining
the maximum number of spectator quarks from the beam hadron with the minimum
number of other scattered valence quarks or sea partons. Motivated by the quark
counting rule in the parton recombination model,?3 it is common to describe the
differential cross sections by

dBG n
Egs ~(1-xp) 2)
where n is determined by the quark-interchange process in the transition of the proton
to the detected hadron. Table 1 summarizes the measured values of n and the
predictions of the quark counting rule. In general, they are in reasonable agreement,
except for the anti-hyperons.

A-DEPENDENCE

~ The nuclear effect on the differential cross section is intriguing. If a particle
produced with high momentum interacts again inside the nucleus, it is expected to
emerge with smaller momentum and larger angle. The probability of re-interaction
should depend on the number of nucleon available, or the atomic number of the target.



As shown in Figure 13, this speculation is clearly seen in the case of A production
with beryllium, copper and lead. In general, the differential cross section measured
with a nuclear target of atomic number A can be related to that determined with
hydrogen by

3 ax ,p.) 43
do v _.do
B ps(AixpPp) = A ’ E 53 Bxp:Pp) 3)

The parameter o has been measured for various particles over a fairly wide
range of xp and py. The o of the strange particles are shown in Figures 14, 15, 16,
17 and 18. For a given x, o increases with pp. At some medium py, for all strange
particles, may be except K, o is even greater than 1. This effect was first discovered
by Cronin et al.24 in 1974 and has been confirmed by many other experiments at
different proton energies.”»#%25 The interpretation of this interesting result is that the
interacting quark is multiple scattered with the other nucleons in the nucleus before it
recombines with other partons, which takes place outside the nucleus, to form the
detected hadron.

The energy dependence of o for K*is shown in Figure 19, taken from
reference 7. At small pyin the central region, o grows with the incident proton
energy, but it decreases slowly or is almost flat at medium py.

Comparison of o, integrated over py for the neutral strange particles is given in
Figure 20. The general trends are the same, a(xp) decreases from a value of 0.75 at
xg= 0.2 to a value of 0.45 at xp = 0.8, and o(xp) of 20 tends to be systematically
larger than the others.

PARTICLE RATIOS

Particle ratios can be used to examine the relative dependence of Bjorken x of
the structure functions of those partons which take part in the hadronization process.
For example, K* is made up of a constituent u quark from the incident proton and a s
quark from the sea whereas n* is a product of a valence u quark and a sea d. The
ratio K*/nt. s (x)/ d (x) reflects strangeness suppression in the fragmentation process.
In the case of K, it does not contain any valence quarks in common with the proton,
the ratio K™/n~ will allow us to determine how the K~ is formed.

Taken from reference 26, figures 21, 22 show the ratios of K*/n*, measured
with an aluminium target, as a function of xgand py. Both ratios satisfy Feynman
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scaling when the primary proton energy is greater than 67 GeV. At xg= 0.1, up to pp
of 0.5 GeV/c, K*/n* are flat in py, with K*/n*= 0.1 and K/n"= 0.08. With
beryllium and aluminium targets, Bozzoli et al.2” also saw a similar behaviour
between rapidity y = 1.4 and y = 2.1 at zero py. ‘

The ratios K*/n* have also been determined with pr out to 10 GeV/c at 90° in
the center of mass system. The preliminary results from Fermilab E605 with 800
GeV protons on beryllium?8 are compared with the CP data,’ along with the ISR
measurements,?® in Figures 23 and 24. When Pr < 2.5 GeV/e, both ratios increase
with pr. Beyond this point, K*/n* reaches a value of 0.5 and stays constant,
indpendent of s, center of mass angle or type of reaction. Then it seems to start to
drop at pp > 10 GeV/c. However, there are not enough data to investigate the trend.
On the other hand, K*/n” shows a very different kind of picture. After attaining its
maximum value at py = 3 GeV/c, it gradually reduces with pp. Furthermore, the
ABCDHW results at 6 = 500 are consistently higher than the E605 and CP
measurements. This may be due to the fact that the experiments are probing different
kinematic domains.

The A-dependence of K*/rt* ratios at 400 GeV is given in Figure 25.7 At low
P the difference o - o tends to increase and approaches a value of 0.1. In other
words, K* are more abundantly produced than 7 with higher A targets. This may
imply that in high energy heavy ion collisions, disregarding whether quark-gluon
plasma is formed, we should see an enhancement in the ratios of K*/nt with respect
to the ordinary proton-nucleus reactions.

The ratios of charged hyperons to n* have only be determined at 200, 210,
240 and 400 GeV.>*30 As can be seen in Figures 26a and 26b, all ratios increase
with xg. This means, in general, baryons are produced stiffer than mesons in proton
induced processes. In addition, the Z¥/n ratios are insenitive to pr- The other ratios
are harder to conclude because of limited statistics. Furthermore, the 400 GeV
measurements are consistent with the CERN observations at x; = 0.48 and small py.

In Figure 27, taken from reference 19, the ratio K/A is independent of the
target material and production angle, that is py, between xg of 0.2 and 0.8.

It is well known that a large fraction of the stable low mass strange particles
are not directly produced.?? They are mostly decay products of other particles or
resonances. To illustrate this point, Figure 28 shows the ratio of A(Z%/A.3! The ratio
is constant at 0.25 and does not change with p;. This has a far-reaching implication
on the production polarization of A which will be presented in the next section.

Another interesting quantity is the ratio of anti-particle to particle. Presumably



it is equally likely to create a particle or an anti-particle with low transverse momentum
in the central region in high energy collisions. Consequently, the ratio is expected to
be one. On the other hand, if a particle that contains at least one common quark from
the incident hadron, the anti-particle to particle ratio should shrink with x. This
reflects the fact that the sea partons have a softer distribution in Bjorken x than the
valence quark.

Figure 29 shows the K-/K* ratio at low py. As expected, the ratio reduces by
an order of magnitude between xp= 0.1 and xp = 0.7. Furthermore, it depends
weakly on the incident proton energy. From Figure 14, we can infer that the K-/K*
ratio in the central region gets larger with p; and the atomic number of the target. This
distinct feature is not shared by the n-/z* or p/p ratios.

The ratio of A/A has been measured at BNL energy3? and at Fermilab
energies.'%21 On the other hand, there is only one study of Z %2020 In the region of
the measurements, as seen in Figures 30 and 31, both ratios do not have any sign of
pr dependence. Furthermore, A /A scales with the proton energy. We may tempt to
predict A/A be unity at xp= 0 by extrapolation. However, compilation of
experimental results from proton-proton and neutron-nucleus collisions at different
energies indicates that A /A is only asymptotically approaching one at xz=0 at very
high energy, as shown in Figure 32.33 This essentially reflects the grow of the total
production section of A .34

For the charged hyperon sector, the most surprising result is the ratio of
Q+/Q-. Since both of them do not inherit any valence quarks from the incident
proton, they are expected to be created with equal probability. Instead, a value of 0.28
was found at x;=0.48 and small pr.# Recently, Fermilab E756 has collected a large
sample of charged hyperons and anti-hyperons which were produced by 800 GeV
protons on beryllium at 2.5 mrad. Some of the preliminary results on particle ratios,
based on a small fraction of the data set, are shown in Figures 33 and 34. The
striking result on Q+/Q- discovered by the CERN Hyperon Group is confirmed.
Information on anti-particle to particle ratios at x; = 0.48 is summarized in Figure 35.
The general trend is the ratio increases with strangeness.

It is interesting to point out that, within errors, ratios Z%Z0and Z+/E" are
identical through out the entire xy region covered by experiments. This implies, at
quark level, u(x)/u(x) and a(x)/d(x) have the same probability distributions.

Another intriguing preliminary result from E756 is the Q-/Z" ratio which is
shown in Figure 36. Despite the fact that we have to extract three quarks from the sea



in order to form an Q" or an = *, comparison of Q/Z~ with E */Z" indicates the Q-
behaves like a leading baryon with a fairly stiff production spectrum.

HYPERON PRODUCTION POLARIZATION

The unexpected discovery of sizable polarization of A's inclusively produced
in unpolarized proton-beryllium reactions at Fermilab3> has been confirmed and
extensively studied by a series of experiments performed from 12 GeV up to ISR
energies.213236-39 A5 shown in Figures 37, 38 and 39, the general features of this
phenomenon can be summarized as follows:

()  The polarization is normal to the production plane, as required by parity
conservation in strong interactions.

(i)  The polarization is insensitive to the incident proton energy.

(i) Itis not a nuclear effect.

(iii) For py less than 1 GeV/c, the magnitude of the polarization increases with py
and depends weakly on xg. When p is larger than 1 GeV/c, the kinematic
behaviour is reversed; the polarization is only a function of xg and remains
constant up to py of 3.5 GeV/c.2!

(iv) The absolute value of the polarization decreases as the atomic number of the
target increases.21-38,39

As we have pointed out that a large fraction of the detected A's comes from the
decays of X0's. Since the daughter A's preserve on the average -1/3 of the X0
polarization, the intrinic polarization of the prompt A's could actually be larger than
what is observed in the experiments.

The polarization study has been extended to all long lived hyperons*0-43 as
well as 2046 and A 213538 The results are summarized in Figure 40. The
polarizations of Z's are similar to that of A whereas I's are opposite. A s
unpolarized up to py of 2.5 GeV/c. It should be mentioned that both Q- and A do
not carry any valence quark of the incident proton. Yet, the invariant cross section of
Q- looks very different from the production spectrum of A in the same kinematic
region. On the other hand, production of Q- resembles that of Z- which is known to
be polarized. Naively, we might expect Q- to be polarized in a similar fashion.
However, as shown in Figure 41, preliminary result from E756 indicates, when
produced by proton, the polarization of Q- is small if not zero. A tentative
explanation is that strange quarks are not produced polarized. The observed hyperon



polarization is related to the recombination of strange quark(s) with the spectator
quark(s). If there is no spectator quark in the emerging hyperon, its polarization will
tend to be small.

There are theoretical attempts in explaining the hyperon polarization
phenonemon.*’-4 Unfortunately, none of them can quantitatively describe the
experimental data. The only empirical rule is that, in the process of recombination, the
leading spectator(s) prefers to have the spin pointing 'up' and the slowly moving
parton(s) from the sea will tend to have the spin 'down'. This simple rule, probably
related to the structure of the SU(6) wavefunctions of hadrons, can be used to explain
the sign of the polarization. For example, in the production of X+, the spin-1 (uu)-
diquark will tend to have a spin projection m, = 1 whereas m, of the s-quark is -1/2.
Consequently, the polarization of I+ is positive.

CONCLUSIONS

Except for K*, comprehensive study of strange particle production in high
energy proton-nucleus collisions is still lacking. In particular, there is no information
on hyperon and anti-hyperon production with py less than 1 GeV/c and x less than
0.2. Furthermore, not much is known about strangeness production in the target
fragmentation region. In order to understanding what is going on in relativistic
nucleus-nulceus collisions, it is important to determine the differential cross section of
7~ and as many particle ratios as possible over a broad range of kinematic region,
using different target materials and projectiles at different energies. After all,
extrapolation from existing measurements to other unexplored kinematic region
sometime could be unreliable and could lead to wrong conclusions.
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Table 1 Comparison of measured values of the exponent n in the
parametrization E(d®c/dp?) = (1-xp)® with the predictions of the quark
counting rule for strange particle production by protons at py. = 0. Note
A-dependence of the invariant cross section can affect the measure values.

Particle measured prediction
K* 2.5 3
K- 5.6 5
K° 2.2 4
A 0.9 1
A 8.4 5
z* 1.5 1
X 3 4
g0 3 4
=0 11 5
=" 3 4
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FIGURE CAPTIONS

Figure 1a
Figure 1b
Figure 2a
Figure 2b
Figure 3
Figure 4
Figure 5

Figure 6
Figure 7

Figure 8

Figure 9
Figure 10
Figure 11

Figure 12

Figure 13
Figure 14

Figure 15
Figure 16

Figure 17
Figure 18

Figure 19

Figure 20

Figure 21

E(d3c/dp3) as a function of prat 909 in center of mass system for K*
in pW collisions.

E(d®0/dp®) as a function of py at 90° in center of mass system for K-
in pW collisions.

p3-E(d*0/dp) versus xp at 900 in center of mass system for K*
in pW collisions.

pyS°E(d30/dp3) versus xy at 900 in center of mass system for K
in pW collisions.

E(d®o/dp®) versus xg at low py for K* in pAl collisions. Solid curves
show results at 19.2 GeV/c and dashed curves at 300 GeV/c.
E(d*c/dp?) versus x, at zero pr for K, in pBe collisions.

E(d3c/dp®) versus xg at zero py for A in pBe collisions.

E(d3o/dp?) versus X at zero py for A in pBe collisions.
(E/o)(d3o/dp?) versus xp for E0 in pBe collisions, 6 = 216 mb, taken
from reference 20.

E(d3c/dp?) versus xg for 29 in pBe collisions, taken from reference
20.

E(d30/dp3) versus pr for K in pBe collisions, taken from reference
21. Solid lines are empirical fits to data.

E(d3o/dp?) versus prfor A in pBe collisions, taken from reference
21. Solid lines are empirical fits to data.

E(d3o/dp?) versus prfor A in pBe collisions, taken from reference
21. Solid lines are empirical fits to data.

E(d3c/dp®) versus xp at small p; for charged hyperons in pBe
collisions, taken from reference 3. Solid lines are parametizations of the
form (1-xp)".

Comparison of A production in p-nuleus collisions.

Exponent a for K*in proton induced reactions in proton induced
reactions. Taken from reference 7.

Exponent o/(xg,p) for KS in proton induced reactions.

Exponent o(xp,pp) for A in proton induced reactions.

Exponent ou(xg,pr) for A in proton induced reactions.

Exponent ou(xg,py) for Z%in proton induced reactions, taken from
reference 20. Solid lines are empirical fits to data.

Energy dependence of exponent « in proton induced reactions, taken
from reference 7. Points with open circles are for pp = 0.77GeV/c, with
closed circles are for p;. = 3.08 GeV/c, and open squares for pp = 4.62
GeV/c. :
Exponent o(xp) for neutral strange particles in proton induced
reactions, taken from reference 20.

Ratios K*/n* as a function of x, taken from reference 26. Solid curves
are results at Fermilab energies and dashed curves are from CERN PS.



Figure 22
Figure 23

Figure 24
Figure 25

Figure 26a
Figure 26b
Figure 27
Figure 28
Figure 29
Figure 30
Figure 31

Figure 32
Figure 33

Figure 34

Figure 35
Figure 36

Figure 37
Figure 38
Figure 39
Figure 40
Figure 41
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Ratios K*/ntt as a function of pr» taken from reference 26. Solid curves
are results at Fermilab energies and dashed curves are from CERN PS.
Ratio K*/n* versus py.

Ratio K*/r” versus py.

A-dependence of ratios K*/a*in 400 GeV proton induced reactions,
taken from reference 7.

Ratios of charged hyperons to ®~ as a function of xg at 400 GeV/e,
taken from reference 30. Solid curves are fits of the form (1-xp)".
Ratios of charged hyperons to ®* as a function of xg at 400 GeV/c,
taken from reference 30. Solid curves are fits of the form ( 1-xp)".
Ratio of K /A measured in 300 GeV proton (a) beryllium, (b) lead
collisions, taken from reference 19.

Ratio of A from X%decays to all detected A in proton-beryllium
reacions at BNL energy, taken from reference 31.

Ratio of K* to K~ versus xg, at low py in proton-aluminium interactions,
taken from reference 26.

Ratio of A to A in 400 GeV p-Be reactions, taken from reference 20.
Solid line is the fit to 300 GeV data.

Ratio of 29 to Z%in 400 GeV p-Be reactions, taken from reference
20.

Ratio of A to A versus ¥ s at Xp=0. _
Preliminary results from Fermilab E756 on the ratio of E /2" as
a function of xgat 2.5mrad in 800 GeV proton beryllium collisions.
Preliminary results from Fermilab E756 on the ratio of Q*/Q- as
a function of xg at 2.5mrad in 800 GeV proton beryllium collisions.
Ratios of anti-particle to particle as a function of strangeness.
Preliminary results from Fermilab E756 on the ratio of Q-/=" as
a function of xg at 2.5mrad in 800 GeV proton beryllium collisions.
Energy dependence of A production polarization.

Polarization of A versus py.

A-dependence of polarization of A.

Polarization of hyperons in proton induced reactions.

Preliminary results from E756 on polarizations of Q- and = in 800
GeV proton beryllium interactions.
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